This paper presents a concise description of a model developed for the prediction of the thermal, hygral and mechanical response of concrete elements at high temperature. The model can be applied to the analysis of behaviour of concrete structures exposed to fire, but the attention in this paper is focused on nuclear reactors vessels where thermal spalling can occur in high temperature conditions. It is the result of different co-existing thermo-hygro-chemical and mechanical processes strongly coupled one with another. These situations should not be modelled by considering thermo-mechanical processes alone. Heat and mass transfer within the concrete body has to be taken into account, including phase changes, hydration/dehydration, aging creep, shrinkage processes and material degradation. Mechanical damage alone is not sufficient, and thermally induced deterioration due to strains at material meso-scale and due to concrete dehydration, called thermo-chemical damage (with an appropriate modification of the stress-strain curves at elevated temperature) has been introduced in a framework of the isotropic non-local damage theory. An example, concerning a concrete containment of nuclear reactor vessel, showing the hygro-thermal and mechanical performance of concrete the structure in these conditions is shown and discussed.
Introduction
In nuclear reactors vessels exposed to high temperature thermal spalling phenomena can occur. High performance concrete (HPC) has a higher tendency to experience explosive spalling than normal strength concrete owing to its denser and less porous structure, [1] [2] [3] . This results in greater pore pressures during heating. The spalling problem in HPC and UHPC concretes prompted the HITECO research programme which was dedicated to the study of performance of these materials at high temperatures, [3] . Containment vessels are designed to provide a safe working environment under normal conditions and withstand internal pressures and elevated temperatures, acting as a final barrier to the release of nuclear fission products under severe accident scenarios. Indeed, in nuclear reactor concrete moisture slows down and captures nuclear radiation emitted from the reactor core (e.g. neutrons), thus helping the concrete to act as a biological shield. This applies to both the prestressed concrete reactor pressure vessels (PCRVs) used in gas cooled reactors (e.g. Advanced Gas Cooled Reactors -AGR) and to unprestressed reactor Biological Shields. It is important that the moisture state of the reactor concrete is known under both service and accident conditions (during which high temperature values can be reached) to ensure the maintenance of their biological shielding capability. Such containment structures typically comprise dome-ended cylinders with a wall thickness of the order of 1 to 1.5m. Concrete reactor vessels, operating at higher temperatures (approximately 65°C), are far thicker structures (up to 4 m in some cases) with numerous penetrations and higher levels of pre-stressing. These two types of vessel have been demonstrated to provide highly effective, durable structural solutions, if well designed, carefully constructed and properly maintained. Changes in the structural integrity of these large pre-stressed reinforced concrete vessels inevitably occur through the ageing of the constituent materials following normal operational use (involving repeated thermal/load cycles and relaxation/reloading of pre-stressing tendons) and variable environmental conditions. Micro-cracking resulting from creep and shrinkage of the concrete or fracture-inducing pore pressure build-up (following rapid, accidental, heating), together with the progressive movement of chloride ions through the concrete (leading to corrosion of the reinforcing steel) or surface carbonation are the most common potential deterioration mechanisms. These aspects are currently investigated within the EURATOM project MAECENAS, [4] . It is commonly accepted that all the above situations cannot satisfactorily be modelled by considering thermo-mechanical processes alone. Heat and mass transfer within the concrete body (and on its boundary) has to be taken into account, together with phase changes, hydration/dehydration, aging creep and shrinkage processes, and material degradation. Further, we concluded that considering mechanical damage alone is not sufficient. Thermally induced deterioration due to strains at material meso-scale and due to concrete dehydration, called thermochemical damage, and a modification of stress-strain curve are also needed. This was introduced in a framework of the isotropic non-local damage theory, [5] . In the next section a concise description of the model [6] [7] [8] [9] developed for the prediction of the thermal, hygral and mechanical response of concrete at high temperature is presented. This model can be applied to the analysis of behaviour of concrete structures exposed to fire, but the attention in this paper is focused on nuclear reactors vessels, even if applications can include any Portland cement based concrete structure exposed to high temperatures. Finally, an example, concerning a nuclear reactor vessel, showing the importance of material deterioration on hygro-thermal and mechanical performance of concrete structures in these conditions is shown and discussed.
Numerical model of coupled hygro-thermo-chemical and material degradation phenomena in concrete at high temperature
We briefly summarise below the main assumptions and equations of the mathematical model of hygro-thermal behaviour and chemo-mechanical degradation of concrete at high temperature which was originally presented in [6] [7] [8] [9] .
The equations of the model are written by considering concrete as a multi-phase material, with the solid skeleton voids filled partly by liquid water and partly by a gas phase. Below the critical temperature of water, Tcr, the liquid phase consists of bound water and capillary water, which appears when degree of water saturation exceeds the upper limit of the hygroscopic region, Sssp. Above the temperature Tcr the liquid phase consists of bound water only. In the whole temperature range the gas phase is a mixture of dry air and water vapour, which is condensable gas constituent for temperatures T<Tcr. The chosen primary variables of the model are: gas pressure, p g , capillary pressure, p c , temperature, T, and displacement vector of the solid matrix, u.
For the temperatures below the critical point of water T< T cr and for saturations S> S ssp , the capillary pressure is defined as,
where p w denotes water pressure. For all other situations, in particular T Tcr, when condition S< S ssp is always fulfilled (there is no capillary water in the pores), the capillary pressure only substitutes formally the water potential multiplied by the water density, [7] . The equations used in the model fall under three main categories: General laws of conservation which must be obeyed in space and time including the first principle of thermodynamics; Constitutive relationships of the concrete describing the real behaviour of the material derived directly from experiments fulfilling also the second principle of thermodynamics; Thermodynamic equations allowing the treatment of dry air and moist air as ideal gases (Clapeyron's law and Dalton's law) as well as equilibrium relations for capillary menisci (Kelvin's law, Laplace law).
and is summed up with the solid skeleton mass balance equation in order to eliminate the hydr ) is taken into account. Symbol n denotes porosity, S the saturation degree, the density, t the time, a skeleton mass source related to the dehydration process, s the cubic thermal expansion coefficient of the solid skeleton, v gs gas velocity relative to the solid skeleton, 
with ( C p ) ef being effective thermal capacity, C p the isobaric specific heat, ef the effective thermal conductivity, H phase and H dehydr the specific enthalpies of the phase change and the dehydration process.
In the capillary moisture range: S> S ssp and T T cr , the terms in (3) and (4), which describe the liquid phase, concern the capillary water, thus H phase should be substituted by H vap i.e. enthalpy of water evaporation. In all other situations they concern the bound water, hence DHphase=DHads, water, hence H phase = H ads , i.e. enthalpy of adsorption. In equation (3) the mass source term related to phase change has been substituted using the liquid water mass conservation equation. Introducing Bishop's stress tensor ", a form of Terzaghi's effective stress tensor for two phase flow, which is responsible for all the deformations of a concrete, the linear momentum balance equation of the whole medium is given by, [10] ,
where
with p atm denoting atmospheric pressure, I the unit, second order tensor, g the acceleration of gravity. For the model closure the initial and boundary conditions, as well as some thermo-dynamic formulae and the constitutive relationships are needed. They will be not discussed here. The reader may refer to [6] [7] [8] [9] . Discretization in space of the governing equations is carried out by means of the Finite Element Method, [10] . The unknown variables are expressed in terms of their nodal values as, , , 
The variational or weak form of governing equations, is obtained by means of Galerkin's procedure (weighted residuals), and can be expressed in matrix form as, 
where , , , T g c x p p T u and the non-linear matrix coefficients C ij (x), K ij (x) and f i (x), given in detail in [9] , are obtained by assembling the sub-matrices indicated in (11). The time discretization is done by means of a fully implicit Finite Difference scheme (backward difference),
where k is the time step number and t the time step length. The equation set (12) is solved by means of a monolithic Newton-Raphson type iterative procedure, [9, 10] :
where l is the iteration index.
To take into account damage of concrete, a two stage solution strategy is applied at every time step, [6, 7, 9] . First an intermediate problem, keeping the damage value obtained at the previous time step constant, is solved. Then, starting from this intermediate state, the "final" solution is obtained, for all state variables and damage parameter, by the modified Newton-Raphson method, using the tangential or Jacobian matrix from the last iteration of the first stage. Such an approach allowed us to avoid differentiation with respect to the damage parameter and to obtain a converging solution. Sometimes this derivative increases very rapidly until the damage reaches its maximum value and then remains equal to zero, causing divergence of the solution.
Numerical analysis of nuclear containment structure during LOCA
The safety of pressurized water reactors (PWR) depends on the integrity of the concrete structure of the Prestressed Concrete Containment (PCC). The aim of our numerical simulation is to evaluate the behaviour (in terms of moisture content, thermal fields, mechanical and thermochemical degradation) of such a kind of structure during Loss of Cooling Accident (LOCA) to assess its capacity to prevent the leakage of gases and to assure an adequate tightness. The results of numerical simulation for the first 57 hours of LOCA are shown in Fig. 3-4 (abscissa means the distance from the heated surface). During initial period of the analysed process high gradients of the temperature and gas pressure close to the inner surface are observed, Fig. 3a-b . After 57 hours the surface temperature reaches about 270 o C. Water, evaporating due to high temperature, causes increase of the pore pressure and related flow of vapour towards the surface and to the core of the dome, where vapour condensates leading to moisture clog phenomenon, Fig.  3c . After 57 hours the gas pressure inside the structure reaches the value of about 2.3 MPa, Fig. 3b . This is mainly due to increasing air pressure. Only in the zone close to the inner surface the saturation vapour pressure inside the pores is comparable to the air pressure, Fig. 3d , what indicates the high content of water vapour in the gas mixture. During initial period of LOCA, in the surface zone, where high gradients of temperature and gas pressure coexist, high values of orthoradial (compressive) and radial (tensional) …. stresses can be observed, Fig. 4b . They are the reason of a progressive concrete cracking (which is described in our model in terms of mechanical damage parameter), promoted by thermo-chemical material degradation, i.e. concrete dehydration and development of microcracks due to different thermal dilatation of the aggregate and cement matrix (often having the opposite signs) and related modifications of the stress-strain characteristics at high temperatures. After some hours considerable orthoradial tension stresses are observed also in the external part of the PCC, being the reason of crack development in this zone. The final values of mechanical damage parameter, reaching here about 57% (Fig. 4a) , are comparable to those in the inner part, despite of much lower temperatures and practically unchanged strength properties, as compared to the initial state. The observed mechanical cracking and thermo-chemical material degradation can affect the concrete permeability and tightness of the structure. The results of simulation of PCC performance during LOC accident have been presented. They were obtained by means of a novel fully coupled hygro-thermal and chemo-mechanical model which considers concrete as multi-phase porous material. The model allows analysis and assessment of risk of moisture clog as well as thermo-chemical and mechanical deterioration of concrete. These phenomena can favour thermal spalling at the analysed conditions and can lead to the loss of tightness of the PCC structure.
